Objective: To evaluate if mid-pregnancy immune and growth-related molecular factors predict preterm birth (PTB) with and without (±) preeclampsia. Study design: Included were 400 women with singleton deliveries in California in 2009-2010 (200 PTB and 200 term) divided into training and testing samples at a 2:1 ratio. Sixty-three markers were tested in 15-20 serum samples using multiplex technology. Linear discriminate analysis was used to create a discriminate function. Model performance was assessed using area under the receiver operating characteristic curve (AUC). Results: Twenty-five serum biomarkers along with maternal age <34 years and poverty status identified >80% of women with PTB ± preeclampsia with best performance in women with preterm preeclampsia (AUC = 0.889, 95% confidence interval (0.822-0.959) training; 0.883 (0.804-0.963) testing). Conclusion: Together with maternal age and poverty status, mid-pregnancy immune and growth factors reliably identified most women who went on to have a PTB ± preeclampsia.
Introduction
Worldwide, more than 15 million babies are born preterm (before 37 completed weeks of gestation) each year [1] . Preterm birth (PTB) and its related complications are the leading cause of death in children less than five years of age and contribute to more than one million deaths per year [2] . Survivors of PTB are more likely to suffer from both shortand long-term morbidities including blindness, deafness, neurodevelopmental delay, psychiatric disturbance, diabetes, and heart disease in later life [3] [4] [5] [6] . While all neonates born preterm are at risk for short and long-term morbidity and mortality, those with early PTB (gestational age (GA), <32 weeks) are at the highest risk [3] [4] [5] [6] [7] [8] .
Despite increased clinical, research, and policy focus, rates of PTB are increasing worldwide-including in the United States [1] . After several years of decline, in 2015, the rate of PTB in the United States increased [9] . This pattern of increase continued into 2016 [10] .
The continuing burden of PTB despite increased focus suggests the need for a different approach to addressing PTB from a research, clinical, and policy perspective. While historically, prevention efforts have focused mostly on women with a previous PTB or short cervix, or have focused on extending gestational duration in women with early signs of labor [11] [12] [13] , there is a growing push for management based on a woman's specific personal risk profile. In 2016, the Society for Maternal Fetal Medicine (SMFM) released its first PTB Toolkit [14] which outlines recommended management of women based on a number of risk factors for PTB (e.g., bacteriuria, smoking, obesity, pregestational diabetes, and chronic hypertension).
Consideration of a clinical shift to address the risk of PTB has also recently begun to be considered for women testing as "high-risk" based on mid-pregnancy biomarkers [15] [16] [17] . In general, the principle behind such tests is that they might allow for the identification of at-risk pregnant women that may otherwise go unidentified. While the question of whether women with molecular risk without other traditional risks (e.g., previous PTB, short cervix) might benefit from existing therapies (e.g., progesterone, cervical pessary, cervical cerclage, tocolytic administration, and antibiotic therapy) is still unknown, all of these interventions require timely administration [18] . These efforts are closely aligned with those focused on early identification of pregnancies at increased risk for preeclampsia (ending in preterm and term birth) given the established efficacy of aspirin administration ≤16-weeks for reducing recurrence [19, 20] .
Recent years have seen progress in the development of PTB prediction tests with three tests in or moving into the market. Two existing tests measure proteins and microparticles identified by multiple reaction monitoring mass spectrometry [15, 16] and one uses circulating cell-free plasma RNAs tested by Q-PCR [17] to identify women at increased risk for spontaneous PTB. Currently these tests focus mostly on spontaneous PTB (PTB related to preterm premature rupture of membranes (PPROM) or premature labor) and generally do not address provider initiated PTB (PTB resulting from cesarean section or induction due to fetal or maternal indication). Efforts focused on molecular and other prediction testing for preeeclampsia are also well underway but also rarely address overlap with efforts aimed at predicting PTB [21, 22] .
While existing prediction tests for spontaneous PTB (and for preeclampsia without a focus on PTB) demonstrate the promise of using mid-pregnancy biomarkers for prediction purposes, these tests lack a generalizability to all PTBs. Given the breadth of data demonstrating common pathophysiological underpinning across spontaneous and provider initiated subtypes of PTB including among those ± preeclampsia [23] [24] [25] [26] [27] [28] , it appears possible that a predictive test could be developed that covers a wider range of PTB phenotoypes. For example, all PTB subtypes ± preeclampsia have been shown to have strong links to markers of immune function (e.g., cytokines and chemokines) [23] [24] [25] [26] and to angiogenic growth factors (e.g., vascular endothelial growth factor (VEGF)) [27, 28] .
For this study, we hypothesized that a comprehensive test for PTB across subtypes including ± preeclampsia could be developed using mid-pregnancy growth and immune-related factors along with maternal demographics and obstetric factors. Markers were tested in 15-20 week serum samples collected as part of routine prenatal screening with predictive performance assessed in training and testing subsets.
Materials and methods
All women included in the study are part of a populationbased cohort of all singleton California births from July 2009 through December 2010 (n = 757,853). All women had gestational dating by first trimester ultrasound and had a second trimester serum marker test done as part of routine prenatal screening for aneuploidies and neural tube defects by the California Genetic Disease Screening Program (n = 241,000). Candidate cases and controls all had a second trimester serum sample banked by the California Biobank Program (n = 77,604) [29] and had detailed demographic and obstetric information available in a linked hospital discharge birth cohort database maintained by the California Office of Statewide Health Planning and Development (OSHPD) (n = 61,339). A number of previous papers have been published that leverage data and screening results for women in this and other California cohorts [30, 31] . The final source set for this study included 4025 singletons with births before 37 weeks, and 56,081 with births on or after 37 completed weeks through 44 weeks. From this set, we selected 100 PTB cases with gestational ages at birth <32 weeks, 100 PTB cases with gestational ages at birth from 32 to 36 weeks, and 200 term controls with gestational ages at birth from 39 to 42 weeks using simple random sampling wherein each within group pregnancy had an equal probability of selection. The resulting sample (by <32, 32-26, and 39 to 42 weeks) were then divided into training and testing subsets at a ratio of 2:1 (Supplemental Fig. 1 ). This was a convenient random sample wherein total number was determined based on the financial resources available for testing.
Maternal demographic and obstetric characteristics
Demographic and obstetric factors evaluated included race/ ethnicity, maternal age, years of formal education, place of maternal birth, low-income status (as indicated by "Medi-Cal" payment for delivery (the California health program for low-income persons (generally defined as income <138% of the United States poverty level)), parity, preexisting diabetes, preexisting hypertension, reported smoking, obesity (body mass index (BMI) ≥30 m/kg 2 ), interpregnancy interval (IPI) <12 months, and previous PTB. All variables were derived from the OSHPD birth cohort file, which combines birth certificate records and all hospital discharge records for the mother and baby from 1 year prior to the birth to 1 year after the birth. Coding of preexisting and gestational diabetes and hypertension was based on International Classification of Diseases, 9th Revision, Clinical Modification (ICD-9-CM) [32] four digit codes contained in the cohort file.
Serum biomarker testing
Immune and growth-factor molecular testing was done using residual serum samples from second trimester (15) (16) (17) (18) (19) (20) week) prenatal screening. Specimens were stored in Stanford University) [37] given the established interconnectedness of all of these markers to immune function and as such, the potential for revealing novel patterns and relationships-particularly given the role of immune function in pregnancy [38] .
All markers were read using a Luminex 200 instrument (Austin, TX) in accordance with the manufacturer recommendations. Details regarding Luminex lab protocols at the HIMC are available on their website [37] . All markers were tested using a human multiplex kit that was purchased from Affymetrix Inc. (Santa Clara, CA) with the exception of human soluble receptors, which were measured using a Millipore high sensitivity multiplex kit (HSCRMAG32KPX14) (Billerica, MA). Median fluorescence intensity (MFI) values were reported for all markers using Masterplex software (Hitashi Solutions, San Bruno, CA). To avoid error inherent in log transformation of MFI to pg/mL, analyses relied on the MFI average, which was based on measurement of two aliquots tested on the same plate for each case and control. All inter-assay coefficients (CVs) were <15 % across all markers and all intra-assay CVs were <10%.
Data analyses
Simple logistic regression (including odds ratios (ORs) and their 95% (CIs)) were used for association testing in the training set using demographic, clinical, and molecular factors (standardized using natural log transformation) and to build multivariate models. So as not to lose information that might be critical to prediction, for variable selection into multivariate models we utilized backward stepwise regression wherein all possible predictors were entered into the model and the criteria for remaining in the model was p < 0.20. Predictors with a p ≥ 0.05 and <0.20 were removed in any instance where their exclusion resulted in a <1% decrease in the concordance statistic (cstatistic) (equivalent to the area under the receiver operating characteristic curve (AUC)). Similarly, in any instance where the variable inflation factor (VIF) indicated major multicollinearity among predictors (defined as VIF ≥2.5) predictors were removed when their exclusion resulted in a <1% decrease in the c-statistic. All variables in the final multivariate logistic model were included in the final linear discriminate analysis (LDA) algorithm with assessment of performance using AUC in both the training and testing subsets. AUC performance was evaluated for all PTBs and for early PTB (<32 weeks) and late PTB (33-36) subgroups including in spontaneous and provider initiated subgroups and by preeclampsia diagnosis by ICD-9-CM code [32] . "Spontaneous PTBs" were considered to be those where the birth certificate or hospital discharge record noted ''preterm premature rupture of membranes'' (PPROM) or ''preterm labor.'' Pregnancies with a record of receiving tocolytics with no record of PPROM were also included in the preterm labor group. Pregnancies classified as "provider initiated" PTB were those without PPROM or premature labor for whom there was ''medical induction'', ''assisted rupture of membranes'', or for whom there was a cesarean delivery at <37 weeks of gestation and none of the aforementioned indicators of spontaneous PTB. Rates of PTB (overall and by subtypes and by preeclampsia) were examined by AUC derived probability scores (by deciles) to assess true-and false-positive performance at set cut-points in the training and testing subgroups.
All analyses were done using Statistical Analysis Software (SAS) version 9.3 (Cary, NC). Methods and protocols for the study were approved by the Committee for the Protection of Human Subjects within the Health and Human Services Agency of the State of California, the Institutional Review Board of Stanford University and the Institutional Review Board of the University of California San Francisco.
Results
Most case and control women in the study identified themselves as Hispanic or White (e.g., 55.8% of women with a PTB delivery and 42.5% of women with a term delivery in the training sample were Hispanic and 47.5% of women with a PTB delivery and 42.5% of women with a term delivery in the testing sample were Hispanic). Most women in both the training and testing samples were between 18 and 34 years of age (67.5-75.0% across groupings). The majority women with a preterm delivery had a spontaneous PTB (82.5% in the training sample and 75.0% in the testing sample). The rate of preterm preeclampsia was 15.8% in the training sample and 22.5% in the testing sample (Table 1) . Crude logistic analyses in the training sample revealed that women with PTB ± preeclampsia were significantly more likely (p < .05) than term controls to be low-income (as indicated by MediCal status) (OR 2.07, 95% CI 1.23-3.48) and to have lower MIP1B levels (OR 0.59, 95% CI 0.38-0.93) (Supplemental Table 1 ). The final 15 to 20 week PTB ± preeclampsia model included maternal age greater than 34-years and lowincome status along with 25 serum biomarkers (Supplemental Table 2 ). Serum markers included eight interleukins (IL-1 receptor 2 (IL-1R2), IL-4, IL-4R, IL-5, IL-13, IL-17, IL-17F, and glycoprotein 130 (GP130)), one interferon (interferon (IFN) beta (IFNB)), one factor from the TNFA super family (sFAS ligand (sFASL)), five chemokine ligands (epithelial neutrophil-activating protein 78 (ENA-78), eotaxin, monokine induced by gamma-interferon (MIG), macrophage inflammatory protein 1 beta (MIP1B), and regulated on activation, normal T-cell expressed and secreted (RANTES)), five growth factors (stem cell factor (SCF), platelet-derived growth factor subunit BB (PDGF-BB), basic fibroblast growth factor (FGF-basic), nerve growth factor (NGF), and vascular endothelial growth factor R3 (VEGFR3)), two colony-stimulating factors (granulocyte-colony-stimulating factor (G-CSF), and macrophage colony-stimulating factor (M-CSF)), as well as PAI1, resistin, and RAGE. Although we found that many of the markers in the final model were highly correlated (VIFs ≥2.5 for 21 of the 24 markers in the final model (IL-1R2, IL-4, IL-5, IL-13, IL-17, IL-17F, GP130, IFNB, sFASL, ENA-78, eotaxin, MIG, MIP1B, SCF, PDGF-BB, FGF-basic, NGF, VEGFR3, G-CSF, M-CSF, and PAI1) (Supplemental Fig. 3 ), all of these markers contributed 1% or more to the c-statistic when included in the model and were, therefore, retained.
When considered in combination using the linear discriminate for PTB ± preeclampsia, the 25 target immune and growth factors along with maternal age >34 years and low-income status were able to identify more than 80% of women going on to deliver preterm in the training set (AUC 0.803, 95% CI 0.748-0.858) and 75.0% of women going on to deliver preterm in the testing set (AUC 0.750, 95% CI 0.676-0.825) ( Table 2 , Supplemental Fig. 2) . Performance based on the use of combined maternal characteristics and serum markers exceed that based on the use of only characteristics or serum markers (AUC for all preterm birth using maternal age >34 and low-income status = 0.620, 95% CI (0.553-0.687) in the training set and AUC = 0.539 (95% CI 0.455-0.624) in the testing set; AUC for immune and growth markers only = 0.777 (0.719-0.835) in the training set and AUC = 0.743 (0.667-0.818) in the testing set. While performance varied some across PTB subgroups in the training and testing subsets, most AUCs were at or above 80%. One exception was in the training sample where the AUC for PTB 32-36 weeks was 0.790 (95% CI 0.718-0.862). The largest AUC observed was for preterm preeclampsia <32 weeks in the training sample (AUC = 0.953, 95% CI 0.728-0.881 with an AUC of 0.879 (95% CI 0.782-0.976 in the testing sample) ( Table 2) .
LDA-derived probabilities from the PTB ± preeclampsia model yielded findings showing that the relationship between risk scores and PTB ± preeclampsia overall and by subtype was consistent across the training and testing subsets with improvements in detection at each lowering of the probability cut point also associated with an increase in term false positives (Fig. 2 , Supplemental Table 3 ). Detection was generally better for PTBs <32 weeks and for preterm preeclampsia at each cut point than it was for PTBs from 32 to 36 weeks. For example, 30.8% of women with PTBs in the training sample and 27.5% of women with PTBs in the testing sample had probability scores ≥0.8 vs. 3.3% of women with term birth in the training sample and 1.3% of term birth in the testing sample ( Fig. 2 , Supplemental Table 3 ). Detection at this same cut point was best in women with a PTB <32 weeks and in women with preterm preeclampsia in both samples (33.3% in the training and 27.5% in the testing samples for PTB <32 weeks and 36.8% in the training sample and 38.9% in testing sample for preterm preeclampsia) (Fig. 2 , Supplemental Table 3 ).
Discussion
Results from this study show that when considered in combination, maternal characteristics and serum immune and growth-related markers can be used at 15-20 weeks of gestation to identify women at increased risk for PTB occurring ± preeclampsia. The resulting LDA PTB ± preeclampsia model was able to consistently identify more than three and four women going on to deliver preterm across training and testing subsets with the best performance for preterm preeclampsia where AUCs were consistently at or above 88%. LDA-derived probabilities were able to reliably specify a woman's magnitude of risk for PTB ± preeclampsia with higher probabilities associated with lower term false-positive rates. For example, while >60% of women going on to have a PTB ± preeclampsia had a 15-20 week LDA-derived probability score ≥0.5 so did >28% of pregnancies going on to have a term delivery. While the detection rate was far lower at higher probability cut-points, so was the rate of false positives in term pregnancies. For instance at a LDA-derived probability score ≥0.8, detection rates for PTB were consistently above 25% and detection rates for PTB with preeclampsia were consistently above 35% with false-positive rates in pregnancies going to term that were consistently below 5%. This is the first study that we are aware of that aimed to predict PTB across subtypes ± preeclampsia. Given that the AUCs from the present study equaled or exceeded those of investigations focused on, for example, spontaneous PTB [14] [15] [16] or preeclampsia [22] it appears that such an approach may offer similar predictive capacity and broader applicability over other serum testing approaches. For example, using circulating proteins, Saade and colleagues were able to identify women with a spontaneous PTB <37 weeks with an observed AUC of 0.75 [15] and Weiner and colleagues were able to identify women with a spontaneous PTB <37 weeks with an observed AUC of 0.76 using cell-free plasma RNAs [17] (compared with an AUC of 0.81 (rounded) for spontaneous PTB in the training set and 0.84 (rounded) in the testing set in the present study). Our results with respect to prediction of preterm preeclampsia also appear to meet or exceed other serum tests for preterm preeclampsia. For example, O'Gorman and colleagues reported an AUC of 0.95 for preeclampsia before 32 weeks and an AUC of 0.87 for any preeclampsia before 37 weeks using 11 to 13 week placental growth factor (PLGF) and pregnancy-associated plasma protein A (PAPP-A) [22] . We observed an AUC for preterm preeclampsia of 0.95 (rounded) in the training set and 0.88 (rounded) in the testing set for preeclampsia <32 weeks and we observed an AUC for all preterm preeclampsia (<37 weeks) of 0.89 in the training sample and 0.88 in the testing sample.
While the present test appears to perform as well or better for all births <37 weeks than other serum tests that are specific to spontaneous PTB and preeclampsia, two caveats to this should be noted. First, there is some evidence that -omics-based tests for spontaneous PTBs perform better at lower gestational ages than they do at higher gestational ages. Although based on smaller sample sizes for earlier PTBs than in the present study, Saade and colleagues [15] reported an AUC of 0.98 for <35 vs. ≥35 weeks and Catonwine and colleagues [16] reported an AUC of 0.89 for sPTB spontaneous preterm birth, PPROM preterm premature rupture of membranes, AUC area under the receiver operating characteristic curve birth at ≤34 weeks. Also, prediction of preterm preeclampsia has been shown to be greatly improved if serum testing is combined with ultrasound measures of mean arterial pressure and uterine artery pulsatility index (AUCs 0.99 for preeclampsia <32 weeks and 0.92 for any preeclampsia <37 weeks) [22] . Although we contend that the currently presented algorithm represents an improvement over these other methods given that it focus on the commonalities across PTB subtypes and relies on widely available multiplex technology that allows multiple markers to be measured in a single test, it is critical to note that there are likely some benefits to focusing within subtypes. It may be that the present test could be improved further by the inclusion of, for example, a second-tier -omics-based test that addresses other protein-based or metabolic factors. A second-tier test that included ultrasound measures might also increase detection rates for preterm preeclampsia. Such an approach might allow for broad testing for baseline all PTB ± preeclampsia risk and second-tier testing that is specifically aimed at early PTBs and preterm preeclampsia with a focus on term false-positive reduction. The present study focused on the capacity for prediction of PTB ± preeclampsia and as such, interpretation of causal underpinnings suggested by biomarker patterns should be approached with some caution. Still, given that the serum markers in the final model have established links with poor pregnancy outcomes and close ties to immune function and growth [23, 24, 27, 28, [33] [34] [35] [36] [38] [39] [40] [41] [42] some insight into pathophysiological underpinnings is evident. Most notably, the findings from the current study are supportive of the role of perturbation of the cytokine network in the pathogenesis of PTB as proposed by Romero and colleagues [24] -particularly given that the success of the present model in prediction was driven by its reliance on a constellation of markers that were often highly related yet contributed independently to prediction. Study data also realized the assertions of others who have hypothesized that combining cross-pathway markers would increase test performance [43] . By combining cross-way molecular markers with risks like maternal age >34 years and low-income status, the model took advantage of well-established maternal risks for PTB [40] along with critical pathway signals.
Our findings of a persistent role in prediction for lowincome status (including when defined by participation in state-sponsored health insurance programs for individuals with incomes near or below the United States poverty line) are consistent with other investigations [44, 45] . We suspect that in our model, poverty is serving as a proxy for unmeasured or underreported factors with links to PTB ± preeclampsia including, possibly, the presence of nutritional deficits, psycho-social or systemic stress, and greater exposure to potentially harmful substances like tobacco, alcohol, and pollution [44] [45] [46] . While we had information about tobacco and alcohol use (as well as drug use) in the study dataset, it is possible that these factors were underreported and as such, that the poverty flag is serving as a proxy for these factors as well as others that may be more common in lower income populations. These patterns support the need for additional research and clinical investigation with these women-particularly with respect to early and potentially modifiable risks. Whatever the case, It is important to note that in the present study these factors alone were poor predictors of preterm birth (with AUCs below 62% in the training and testing sets) and also that they contributed a relatively small amount of information over and above biomarkers alone (increasing the AUC for Fig. 2 True and false-positive rates by probability cut-points based on mid-pregnancy immune and growth factor preterm birth ± preeclampsia test biomarkers only by 0.026+/−0.058 in the training set and by 0.008+/−0.075 in the testing set). As such, it is clear that these factors alone were not the sole drivers of overall risk and may point to more upstream drivers. Nevertheless, it is important to investigate these patterns more completely given potential for modification. These data also suggest that the efficacy of this test would not be diminished in settings characterized by mostly high-or low-income individuals given that molecular factors appear to be the primary drivers of prediction.
While the present study represents an improvement over other tests for PTB ± preeclampsia-particularly given applicability across PTB subgroups and to larger populations given the use of a random sampling design and the leveraging of multiplex technology available globally, there are important limitations of our work. Most notably, the present study relied on a fairly small number of cases and controls (n = 400). While the case number used in the present study is larger than those used to create other tests [21] [22] [23] it is still far too small to make firm conclusions about broad testing efficacy and performance. Also, because the current study relied on a population-based sampling design that reflected the true distribution of women participating in prenatal screening by race/ethnicity grouping, we were not powered to look at performance by all race/ ethnicity groupings. Further replication and clinical validation are critical next steps especially in women of Black race/ethnicity and in women living in low-to-middle income countries given their higher risk for PTB [1, 9, 10, 44] . It is also important to note that because this study relied on women who had already elected to participate in prenatal screening for aneuploidies and neural tube defects, this sample is biased towards women who made that choice and as such, it is unclear is performance would be the same in all pregnant women. Given that the model performed well with samples collected at as early as 15-weeks of gestation, we feel confident that the model could be applied at earlier gestational ages. Demonstrating such capacity will be critical given, for example, that the efficacy of aspirin administration to prevent preeclampsia has been shown to work the best if started at ≤16-weeks of gestation [19] . It will also be important to examine how this test behaves in identifying pregnancies that deliver early term (37 and 38 weeks). Given mounting data demonstrating that early term babies are at increased risk for both short-and long-term morbidity [47] and that these women are more likely to deliver preterm in the next pregnancy [48] it would be advantageous to be able to identify these women early in pregnancy in an effort to extend gestation.
It is also important to address some statistical and model complexity issues raised by the current analyses. Specifically, it is notable that the present model is more complex than those that rely on fewer factors. While we do not believe this issue is of considerable consequence given that all markers can be tested simultaneously using multiplex technology (and as such, this complexity has minimal impact on how much serum would be needed for the test or how much it would cost), it does raise some issues with respect to model transparency and comprehension. We have presented the full LDA function used for classification to address this issue (Table 3) , however, the fact does remain that the algorithm we developed would have to be applied to any woman's biomarker testing results before they could be used clinically-likely via some electronic platform. It is also of note that some markers in the final model-namely FGF-basic and IL-4 exhibited a particularly large influence on the PTB ± preeclampsia algorithm while also having large observed confidence intervals in initial multivariate logistic models (Supplemental Table 2 ). Both of these factors were normally distributed after log transformation and as such, the large risks and confidence intervals observed appeared to be driven by the separation of values for these markers in cases vs. controls after adjustment for the other factors in the model. Given this and the contribution of both to AUC performance these factors were kept in the model, however, these patterns are of note and should be kept in mind as replication and clinical validation efforts move forward. It is possible that in other samples such separation may not be evident and as such, some cost to the performance of the model could occur. No such cost appeared to transpire in the testing set but nonetheless, behavior of these markers should be tracked as efforts move forward. In addition, it should be recognized that because many of the markers in the model are highly correlated but were retained due to their individual contribution to the c-statistic, future larger studies may find that not all markers are required for maximum test performance. To this point, it should also be recognized that any interpretation of underlying etiology based on individual marker-specific findings should be avoided given that the model presented is focused on prediction and is based on a markers and maternal factors considered in combination. Along with maternal age and poverty status, midpregnancy immune and growth factors measured by a single test reliably identified women who went on to have a PTB ± preeclampsia. Such information has the potential to be used to identify women who may benefit from existing and emerging interventions aimed at reducing rates of PTB and preeclampsia [49] .
